All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Amebiasis, caused by intestinal infection of *Entamoeba histolytica*, is one of the leading causes of parasite infection-related mortality and morbidity around the world \[[@ppat.1006513.ref001]\]. Although disease severity ranges from self-limited mild abdominal symptoms to life-threatening systemic disease, determinant factors of infection outcome are still undefined \[[@ppat.1006513.ref002]\]. Even in the same patient, invasive symptomatic disease can develop after long-term asymptomatic colonization \[[@ppat.1006513.ref003]--[@ppat.1006513.ref005]\], and conversely patients with amebic liver abscess after medical treatment can be asymptomatic cyst passers \[[@ppat.1006513.ref006]\]. These results suggest that not only the genetics of host and pathogen are important for determining clinical symptoms of infected individuals, but also the gut environment surrounding *E*. *histolytica*. In fact, recent human and animal data indicate that the gut microbiome plays an important role in the pathogenesis of *E*. *histolytica* infection. Our group reported that the presence of *Prevotella copri* in gut flora is associated with susceptibility of children to *E*. *histolytica* induced diarrheal disease \[[@ppat.1006513.ref007]\]. Also, in an animal model, we demonstrated gut colonization with segmented filamentous bacterium exerts a protective effect via enhancing the induction of IL-23 in bone marrow-derived dendritic cells \[[@ppat.1006513.ref008], [@ppat.1006513.ref009]\]. It is of interest to us to better understand the impact of the gut microbiome on the severity of amebic colitis, potentially by its modulation of intestinal mucosal immunity.

Neutrophils are important in protecting the host from *E*. *histolytica* tissue invasion into intestine and liver \[[@ppat.1006513.ref010]--[@ppat.1006513.ref016]\]. Neutrophils kill *E*. *histolytica* in vitro in the presence of TNF-α and IFN-γ mainly via oxygen free radicals \[[@ppat.1006513.ref017]\]. Antibody-depletion of neutrophils in vivo promoted tissue invasion by *E*. *histolytica* \[[@ppat.1006513.ref014], [@ppat.1006513.ref016]\], and neutrophil chemotaxis toward leptin plays an important role in protecting host from intestinal tissue invasion \[[@ppat.1006513.ref016]\].

Dysbiosis is known to affect neutrophil function. For example, in an animal model it has been shown that the severity of sickle cell disease is relieved under antibiotic induced dysbiosis, due to a decrease in the number of activated aged neutrophils \[[@ppat.1006513.ref018]\]. However the effect of dysbiosis on neutrophil mediated protection against infectious diseases has not been investigated.

Here we demonstrate the impact of dysbiosis on disease severity of *E*. *histolytica* infection in humans and in a mouse model of amebic colitis. We go on to demonstrate that one mechanism by which dysbiosis increases susceptibility is by blockading neutrophil recruitment to the gut via down-regulation of CXCR2.

Results {#sec002}
=======

Decreased gut microbiota diversity in children who developed amebic colitis {#sec003}
---------------------------------------------------------------------------

In order to assess the impact of dysbiosis on outcome of intestinal infection of *E*. *histolytica*, we collected stool samples from children cohorts followed from birth in an urban slum, Mirpur in Dhaka Bangladesh \[[@ppat.1006513.ref019], [@ppat.1006513.ref020]\]. First, we compared gut microbiome diversity in stools collected from children with symptomatic amebic colitis with those from children who showed asymptomatic *E*. *histolytica* colonization. The Shannon diversity index during *E*. *histolytica* infection was lower in symptomatic cases than with colonization ([Fig 1a](#ppat.1006513.g001){ref-type="fig"}). We confirmed that ages of children when stool samples were collected were not different between 2 groups ([Fig 1b](#ppat.1006513.g001){ref-type="fig"}). Next, we examined microbiome diversity of stools prior to *E*. *histolytica* infection (no *E*. *histolytica* confirmed by PCR) in symptomatic amebic colitis cases, and compared them with uninfected control children (although we could not use stools prior to *E*. *histolytica* infection in asymptomatic colonization cases due to the lack of available samples). The Shannon diversity index prior to amebic colitis was significantly lower than that in children who did not develop *E*. *histolytica* infection ([S1 Fig](#ppat.1006513.s001){ref-type="supplementary-material"}). Although other factors, such as host/pathogen genetic factors are likely also to be important determinants, our results suggest that decreased microbiota diversity in the gut is one of the determinants for disease severity of *E*. *histolytica* infection.

![Diversity of microbiome was decreased during amebic colitis.\
Diarrhea samples were from children in PROVIDE study (n = 20) and colonization samples were from children in NIH birth cohort (n = 47), both of which were followed longitudinally in an urban slum in Dhaka, Bangladesh. **(a)** The Shannon diversity index was examined using stool samples between 2 groups. **(b)** Age in days when stool samples were collected was also compared. \**P\<0*.*05*, by Welch's unequal variance t-test. Error bars represent standard error of the mean (s.e.m).](ppat.1006513.g001){#ppat.1006513.g001}

Severity of amebic colitis in antibiotic pre-treated mice {#sec004}
---------------------------------------------------------

We used the murine model of amebic colitis to assess whether prior dysbiosis with decreased microbiome diversity has an impact on disease severity of amebic colitis. Wild type C57BL/6 mice were treated with an antibiotic cocktail consisting of ampicillin, neomycin, metronidazole and vancomycin for 2 weeks prior to *E*. *histolytica* challenge (antibiotic pre-treated mice). We confirmed the microbiome diversity was decreased by antibiotic pre-treatment before *E*. *histolytica* challenge ([Fig 2a](#ppat.1006513.g002){ref-type="fig"}). Antibiotic pre-treated mice showed more severe weight loss and higher clinical scores than untreated control mice at early time points (until day 3) after *E*. *histolytica* challenge ([Fig 2b & 2c](#ppat.1006513.g002){ref-type="fig"}). Although obviously bloody stools were not documented in any mice, fecal occult blood (FOB) was significantly higher in antibiotic pre-treated mice ([Fig 2d](#ppat.1006513.g002){ref-type="fig"}). Also, we found that *E*. *histolytica* DNA was still detected at later time points (after 4 days on challenge in stool \[[Fig 2e](#ppat.1006513.g002){ref-type="fig"}\] and at day 9 in cecal contents \[[S3a Fig](#ppat.1006513.s003){ref-type="supplementary-material"}\]) in antibiotic pre-treated mice, whereas *E*. *histolytica* was rapidly cleared in untreated control mice ([Fig 2e](#ppat.1006513.g002){ref-type="fig"}). Interestingly, despite delayed clearance of *E*. *histolytica*, stool lipocalin-2, which is a neutrophil derived protein reflecting neutrophil associated gut inflammation \[[@ppat.1006513.ref021]\], was lower in antibiotic pre-treated mice than those in untreated control mice at early time points of infection ([Fig 2f](#ppat.1006513.g002){ref-type="fig"}). These results indicated that antibiotic-induced dysbiosis increased susceptibility to amebic colitis in the mouse model, consistent with what had been observed in infants.

![Antibiotic pre-treatment rendered C57BL/6 mice susceptible to *E*. *histolytica* colitis.\
**(a)** The Shannon diversity index of stool samples collected from antibiotic treated mice (n = 10) was compared with those from untreated control (n = 10) (C57BL/6 mice which were not challenged with *E*. *histolytica*). Then, they were infected with 2 x 10^6^ *E*. *histolytica* trophozoites intracecally. **(b, c)** Body weight changes and clinical illness score were measured for assessing systemic disease severity. **(d)** Fecal occult blood was examined for assessing intestinal damage. **(e)** Parasite burden in stool was assessed by qPCR. **(f)** Lipocalin-2 (Neutrophil Gelatinase-Associated Lipocalin) in stool was measured for assessing neutrophil mediated gut inflammation. \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance t-test (a, b, e& f), Mann-Whitney U-test (c) or chi-squared test (d). NS, not significant. Error bars represent s.e.m.](ppat.1006513.g002){#ppat.1006513.g002}

IL-25 and mucosal barrier in antibiotic pre-treated mice {#sec005}
--------------------------------------------------------

In order to assess the tissue invasion of *E*. *histolytica* in cecum at an earlier time point, mice were sacrificed 24 hours after *E*. *histolytica* challenge. While *E*. *histolytica* culture of cecal contents was positive in all antibiotic pre-treated mice and most untreated control mice ([Fig 3a](#ppat.1006513.g003){ref-type="fig"}), *E*. *histolytica* burden in the cecal lumen was significantly higher in antibiotic pre-treated mice ([Fig 3b](#ppat.1006513.g003){ref-type="fig"}). Histopathological examination with hematoxylin and eosin stain demonstrated that *E*. *histolytica* trophozoites invaded into mucosa with epithelial cell disruption in antibiotic pre-treated mice, whereas trophozoites were localized within gut lumen in control mice ([S2 Fig](#ppat.1006513.s002){ref-type="supplementary-material"}). Although *E*. *histolytica* could not be identified at crypts or submucosa in the tissue, immunohistochemistry (IHC) using anti-*E*. *histolytica* migration inhibitory factor (anti-EhMIF), which is a secreted protein \[[@ppat.1006513.ref022]\], revealed a higher density of EhMIF at crypts of the cecum in antibiotic pre-treated mice ([Fig 3c & 3d](#ppat.1006513.g003){ref-type="fig"}), consistent with more severe epithelial damage and invasion by *E*. *histolytica* in antibiotic pre-treated mice. These results strongly suggested that more aggressive *E*. *histolytica* invasion had already occurred within 24 hours after challenge at the site of infection in antibiotic pre-treated mice, although *E*. *histolytica* burden in stool was not different until 4 days after *E*. *histolytica*.

![Antibiotic treatment promoted *E*. *histolytica* invasion with disrupted mucosal barrier.\
Parasite invasion and mucosal barrier disruption upon *E*. *histolytica* challenge were assessed using cecal tissue or cecal content at 24 hours after challenge. **(a, b)** Parasite burden in cecal content was measured by qPCR and *ex vivo* culture positivity was also assessed by putting 200 μL of cecal content to TYI media (n = 8 per group). **(c-g)** *E*. *histolytica* induced epithelial barrier disruption was assessed by immunohistochemistry staining of cecal tissue targeting *E*. *histolytica* derived secreted protein, *E*. *histolytica* migration inhibitory factor (EhMIF) (representative picture in Fig 3c). Mucin containing goblet cells were stained by Periodic acid-Schiff and immunohistochemistry staining of cecal tissue targeting MUC2 (data are presented as representative pictures (e, f). Data are also presented as mean value of histology score blindly scored by three independent observers from similarly conducted two independent experiments, n = 8 per group (d, g)). **(h)** Cecal lysate at 24 hours after *E*. *histolytica* challenge was tested for Muc-2 gene expression by qRT-PCR and is shown normalized to the GAPDH housekeeping gene. **(i)** Cecal cytokine was assessed by lysing 50 mg of cecal sections and quantifying protein via ELISA, and shown normalized to total protein concentration (n = 5 per group (g, h)). **(j,k)** whole cecal tissue was isolated and processed to a single cell suspension and stained for flow cytometry. Eosinophils (CD45^+^ CD11b^+^ SiglecF^+^) were quantified and shown as ratio to CD45^+^ subsets or cell number in whole cecum (n = 8 per group). \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance t-test (a, h, i, & k), Mann-Whitney U-test (d & g) or chi-squared test (b). NS, not significant. Error bars represent s.e.m. Eh MIF, *E*. *histolytica* migration inhibitory factor.](ppat.1006513.g003){#ppat.1006513.g003}

Next, we checked the mucosal barrier upon *E*. *histolytica* challenge. The gut mucosal barrier is the first host defense against intestinal infection by *E*. *histolytica*, as previously shown in MUC-2-deficient mice \[[@ppat.1006513.ref023]\]. Recently, we reported that IL-25 mediated mucosal barrier function plays an important role in the protection from intestinal *E*. *histolytica* infection \[[@ppat.1006513.ref024]\]. Also, it is known that secretion of IL-25 could be reduced by antibiotic induced dysbiosis \[[@ppat.1006513.ref025], [@ppat.1006513.ref026]\]. At 24 hours after *E*. *histolytica* challenge, we found less mucus-containing MUC2 positive goblet cells by histopathology and less expression of the Muc2 gene ([Fig 3e--3h](#ppat.1006513.g003){ref-type="fig"}). Also, we confirmed that IL-25 upon *E*. *histolytica* challenge was lower in these mice ([Fig 3i](#ppat.1006513.g003){ref-type="fig"}). Eosinophils were not different at this time point of infection between antibiotic pre-treated and untreated control mice ([Fig 3j & 3k](#ppat.1006513.g003){ref-type="fig"}). These results indicate that disturbance of IL-25 and the mucosal barrier were associated with tissue invasion of *E*. *histolytica* in antibiotic pre-treated mice.

Neutrophil associated gut inflammation was lower in *E*. *histolytica* tissue invasion in antibiotic pre-treated mice {#sec006}
---------------------------------------------------------------------------------------------------------------------

As shown above, despite the more severe tissue damage with delayed clearance of *E*. *histolytica*, stool lipocalin-2 \[[@ppat.1006513.ref021]\], was lower in antibiotic pre-treated mice than those in untreated control mice at early time points of infection ([Fig 2f](#ppat.1006513.g002){ref-type="fig"}). At later time points, lipocalin-2 was higher in antibiotic-treated and *E*. *histolytica* infected mice, in accordance with pathogen burden ([S3a & S3b Fig](#ppat.1006513.s003){ref-type="supplementary-material"}). These results indicate that neutrophil activation upon *E*. *histolytica* challenge was suppressed early after infection in the antibiotic pre-treated mice, giving a potential explanation for the action of antibiotics in increasing amebiasis severity. Neutrophil myeloperoxidase activity was also measured, and was lower in cecal tissue at 24 hours after *E*. *histolytica* challenge ([Fig 4a](#ppat.1006513.g004){ref-type="fig"}).

![Neutrophil activation and recruitment and CXCR2 expression were decreased in antibiotic pre-treated mice.\
Neutrophil recruitment to the infection site and its activation upon *E*. *histolytica* challenge were assessed using cecal tissue at 24 hours after challenge. **(a)** Myeloperoxidase activity was assessed by lysing 50 mg cecal lysate in hexadecyltrimethylammonium bromide buffer. Enzyme activity was calculated from standards using recombinant proteins and is shown normalized to total protein concentration (n = 3 or 5 per group). **(b-d)** Cecal cytokines were assessed by lysing 50 mg of cecal sections and quantifying protein via ELISA, and shown normalized to total protein concentration (n = 3 or 5 per group). **(e-g)** Whole cecal tissue was isolated and processed to a single cell suspension and stained for flow cytometry. Neutrophils (CD45^+^ CD11b^+^ Ly6G^high^, representative gating is shown at [Fig 3i](#ppat.1006513.g003){ref-type="fig"}) were quantified and shown as ratio to CD45^+^ subsets or cell number in whole cecum (n = 8 per each group). **(i-j)** Localization of neutrophils was assessed by immunohistochemistry staining of cecal tissue targeting Ly6G. Mucosal thickness (orange line) was calculated as mean vale of the data from 6 different portions (i), cell number was calculated as mean vale of the data from 3 different portions (data are presented as representative picture (h), or data from n = 8 per each group). \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance t-test (a-g, i and k), Mann-Whitney U-test (j) or chi-squared test (b). NS, not significant. Error bars represent s.e.m.](ppat.1006513.g004){#ppat.1006513.g004}

Next, we measured IL-1β level by ELISA, in order to assess the recognition of *E*. *histolytica* by the intestinal epithelial cells and innate immune system. IL-1β is a pro-inflammatory cytokine, and it has been shown that NLRP3-inflammasome caspase-1 mediated IL-1β is secreted from a macrophage cell line upon contact with *E*. *histolytica* \[[@ppat.1006513.ref027], [@ppat.1006513.ref028]\]. It was also reported that NLRP3-inflammasome activation could be disturbed by antibiotic induced dysbiosis, resulting in more severe airway infection by influenza virus \[[@ppat.1006513.ref029]\]. Opposed to our hypothesis, however, IL-1β as well as the neutrophil chemoattractant chemokines CXCL1 and CXCL2 at 24 hours after *E*. *histolytica* challenge were significantly higher in antibiotic pre-treated mice compared to those in untreated control mice ([Fig 4b--4d](#ppat.1006513.g004){ref-type="fig"}) although they were elevated in response to *E*. *histolytica* challenge compared to baseline levels in both antibiotic pre-treated and untreated control mice ([S4a--S4c Fig](#ppat.1006513.s004){ref-type="supplementary-material"}). Considered together, disturbed neutrophil activation upon *E*. *histolytica* challenge in antibiotic pre-treated mice was not caused by impaired recognition of *E*. *histolytica* as manifest by IL-1β or chemokines, leading us to ask if it might be caused by decreased neutrophil responses to these chemokines.

Neutrophil number in the gut and expression of CXCR2 were lower upon *E*. *histolytica* infection in antibiotic pretreated mice {#sec007}
-------------------------------------------------------------------------------------------------------------------------------

As presented above, neutrophil activation was suppressed despite tissue invasion by *E*. *histolytica* in antibiotic treated mice. These mice also paradoxically expressed higher neutrophil chemoattractant chemokines. We hypothesized that inhibition of CXCR2 expression on neutrophils, which is the main receptor for the chemokines CXCL1 and CXCL2, could explain the relative lack of gut neutrophil abundance. In order to assess this hypothesis, we checked the number and expression of surface markers of the Ly6G high neutrophil population ([Fig 3j](#ppat.1006513.g003){ref-type="fig"}) in the blood and cecal lamina propria of mice at 24 hours after *E*. *histolytica* challenge by flow cytometry. As expected, gut but not systemic neutrophil numbers were depressed in antibiotic treated mice ([Fig 4e & 4f](#ppat.1006513.g004){ref-type="fig"}). In addition, CXCR2 expression on neutrophils was lower both in blood and cecum ([Fig 4g](#ppat.1006513.g004){ref-type="fig"}), whereas expression of the other surface molecules were either not different or higher in antibiotic pre-treated mice ([S5c & S5d Fig](#ppat.1006513.s005){ref-type="supplementary-material"}). Next, cecal tissue at 24 hours after challenge was stained by anti-Ly6G antibody in order to assess neutrophil localization in cecal tissue ([Fig 4h](#ppat.1006513.g004){ref-type="fig"}). We confirmed mucosal thickness was not different between 2 groups ([Fig 4i](#ppat.1006513.g004){ref-type="fig"}), then compared the frequency of Ly6G positive neutrophils in the mucosa (cells per 10 crypts) and submucosal tissue (cells per unit area). Neutrophils in the mucosa were lower in antibiotic pre-treated mice ([Fig 4j](#ppat.1006513.g004){ref-type="fig"}) whereas neutrophil number in submucosal tissue was not different between the 2 groups ([Fig 4k](#ppat.1006513.g004){ref-type="fig"}), suggesting that efficient neutrophil migration from submucosal tissue to the site of infection, which plays an important role in protection from tissue invasion of microorganisms \[[@ppat.1006513.ref030], [@ppat.1006513.ref031]\], was disturbed in antibiotic pre-treated mice. These results indicate that lower expression of CXCR2 on neutrophils was a potential cause of impaired neutrophil recruitment to the infection site, which resulted in a susceptible phenotype to *E*. *histolytica* challenge in the antibiotic pre-treated mice.

Impact of CXCR2 on disease severity {#sec008}
-----------------------------------

In order to assess the impact of chemokine mediated neutrophil recruitment via CXCR2 on *E*. *histolytica* infection, we tested if blocking of CXCR2 would render control (non antibiotic treated) mice susceptible to *E*. *histolytica*. CXCR2 was neutralized using a monoclonal antibody (rat anti-mouse CXCR2 IgG2A) injected intraperitoneally 2 hours before *E*. *histolytica* challenge \[[@ppat.1006513.ref032]\]. Neutrophil number after *E*. *histolytica* challenge in cecum, but not in peripheral blood, was suppressed in anti-CXCR2 pre-treated mice compared to isotype control treated mice, although both are not statistically significant ([Fig 5a & 5b](#ppat.1006513.g005){ref-type="fig"}). *E*. *histolytica* burden at 24 hours after challenge was significantly higher in anti-CXCR2 pre-treated mice compared to isotype control treated mice, although lower than in the antibiotic pre-treated mice ([Fig 5c](#ppat.1006513.g005){ref-type="fig"}). Also, tissue invasion of *E*. *histolytica* was more severe ([Fig 5d](#ppat.1006513.g005){ref-type="fig"}), and *E*. *histolytica* culture from cecal contents was positive in all anti-CXCR2 pre-treated mice as seen in antibiotic pre-treated mice ([Fig 5e](#ppat.1006513.g005){ref-type="fig"}). Interestingly, the impact of CXCR2 blocking on tissue MPO activity ([Fig 5f](#ppat.1006513.g005){ref-type="fig"}) as well as *E*. *histolytica* burden and histopathological score was less profound than that seen by antibiotic pre-treatment, suggesting that the low expression of CXCR2 was not the sole explanation for the higher susceptibility of antibiotic pre-treated mice to *E*. *histolytica* challenge.

![Anti-CXCR2 antibody treatment increased susceptibility of non-antibiotic treated mice to *E*. *histolytica*.\
Rat anti-mouse CXCR2 monoclonal antibody was administered 2 hours prior to *E*. *histolytica* challenge to blockade CXCR2. **(a, b)** Whole cecal tissue or 100 μL peripheral blood was collected and processed to a single cell suspension and stained for flow cytometry. Neutrophils (CD45^+^ CD11b^+^ Ly6G^high^, representative gating is shown at [Fig 3i](#ppat.1006513.g003){ref-type="fig"}) were shown as cell number in whole cecum (data are representative of similarly conducted two independent experiments, n = 3 per each group). **(c)** Myeloperoxidase activity was assessed by lysing 50 mg of cecum in hexadecyltrimethylammonium bromide buffer. Enzyme activity was calculated from standards using recombinant proteins and is shown normalized to total protein concentration. **(d)** Parasite burden in cecal content was measured by qPCR using 200 μL of cecal content. **(e)** *E*. *histolytica* induced epithelial barrier disruption was assessed by immunohistochemistry staining of cecal tissue targeting *E*. *histolytica* derived secreted protein, *E*. *histolytica* migration inhibitory factor (EhMIF) (data are presented as mean value of histology score blindly scored by three independent observers). **(f)** *Ex vivo* culture positivity was also assessed by placing 200 μL of cecal content in TYI media. \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by one-way ANOVA-test (a-e) or chi-squared test (d). NS, not significant. Error bars represent s.e.m. MPO, myeloperoxidase; EhMIF, *E*. *histolytica* migration inhibitory factor.](ppat.1006513.g005){#ppat.1006513.g005}

Discussion {#sec009}
==========

The most important finding of this study is that gut microbiome dysbiosis increases susceptibility to amebic colitis in humans and in the mouse model, and that one mechanism of this increased susceptibility is downregulated neutrophil recruitment to the gut. In children who developed symptomatic colitis by *E*. *histolytica*, the gut microbiota had lower diversity than those in children who showed colonization. Moreover, we found that children developing amebic colitis had lower microbiome diversity in the month preceding amebic colitis than those without *E*. *histolytica* infection, although these data came from 2 different cohort studies at the same location. We extended these studies in the mouse model of amebic colitis, demonstrating that mechanisms of dysbiosis-mediated increased susceptibility were downregulation of neutrophil CXCR2 and attendant failure of neutrophil recruitment to the site of infection. Although changes in gut microbiota can induce or conversely reduce gut inflammation, dysbiosis (represented by lower microbiota diversity) in this case reduced the neutrophil activation in the gut, allowing more severe intestinal damage by *E*. *histolytica* ([Fig 6](#ppat.1006513.g006){ref-type="fig"}).

![Graphical summary: Effects of microbiota on immune response to *E*. *histolytica* infection.\
During dysbiostic state (bottom figures), diversity of gut commensal microbes is low compared to healthy state (upper figures). IL-25 mediated mucosal protection by epithelial cells (1) and CXCR2 expression on neutrophils (2) upon *E*. *histolytica* challenge are diminished in dysbiostic state, allowing more severe tissue invasion by *E*. *histolytica*.](ppat.1006513.g006){#ppat.1006513.g006}

Antibiotic use is pervasive in children in low and middle income countries and a likely cause of dysbiosis \[[@ppat.1006513.ref033]\]. In fact, we found that antibiotics were frequently used in participants of PROVIDE study in Bangladesh with an average of 25.5 new prescriptions over first 2 years of life, although such data was not available in NIH birth cohort. It is also known in mouse studies that the gut microbiome is essential not only for the development of the immune system but also for maintenance of homeostasis \[[@ppat.1006513.ref034], [@ppat.1006513.ref035]\]. In the present study, we sought to mimic our cohort observation in mice by administration of an antibiotic cocktail (ampicillin, neomycin, vancomycin and metronidazole) \[[@ppat.1006513.ref029], [@ppat.1006513.ref036]--[@ppat.1006513.ref040]\]. Strikingly, C57BL/6 mice, which are naturally resistant to *E*. *histolytica* infection \[[@ppat.1006513.ref041]\], had increased susceptibility after antibiotic induced dysbiosis. We confirmed that mucus secretion was disturbed with decreased IL-25 level at the site of infection in antibiotic pre-treated mice, which might allow more severe tissue invasion of *E*. *histolytica* \[[@ppat.1006513.ref042]\]. Interestingly, neutrophil number and activation at the site of infection were suppressed as assessed by fecal lipocalin-2, myeloperoxidase activity and neutrophil number despite more tissue damage by *E*. *histolytica* in antibiotic pre-treated mice. We concluded that insufficient neutrophil recruitment as well as suppressed mucus secretion at the site of infection allowed *E*. *histolytica* tissue invasion at 24 hours after infection ([Fig 3](#ppat.1006513.g003){ref-type="fig"}), which were followed by more aggressive colitis with more severe weight loss and delayed clearance of *E*. *histolytica* from stool ([Fig 2](#ppat.1006513.g002){ref-type="fig"}).

Upon intestinal damage by infection, DAMPs and PAMPs from damaged tissue and pathogen respectively are recognized by intestinal epithelial cells and antigen presenting cells (APCs). This is followed by the production of neutrophil chemoattractant chemokines including CXCL1 and CXCL2 mainly produced by activated tissue residential macrophages \[[@ppat.1006513.ref043]\], which in turn induce neutrophil recruitment to the site of infection \[[@ppat.1006513.ref044]\]. However, CXCL1 and CXCL2 as well as IL-1β upon *E*. *histolytica* infection were significantly higher in antibiotic pre-treated mice compared to untreated control mice, indicating that increased susceptibility to infection was not due to poor recognition of PAMPs nor DAMPs \[[@ppat.1006513.ref029]\] but instead due to failure of neutrophil response to chemokines.

We checked the expression of CXCR2, which is the main chemokine receptor on neutrophils for CXCL1 and CXCL2 \[[@ppat.1006513.ref045]\], because expression of CXCR2 is critically important for neutrophil associated protection against various infectious diseases \[[@ppat.1006513.ref032], [@ppat.1006513.ref046]--[@ppat.1006513.ref048]\]. We found that CXCR2 expression on neutrophils both in blood and cecum after *E*. *histolytica* challenge was lower in antibiotic pre-treated mice than that in untreated control mice. Finally, we confirmed that anti-CXCR2 pre-treated mice showed significantly higher *E*. *histolytica* burden than untreated control mice at 24 hours after *E*. *histolytica* challenge. From these results, we concluded that down-regulation of CXCR2 is an important but not sole mechanism by which dysbiosis diminished neutrophil mediated protection. Furthermore, our results indicate that dysbiosis might affect the susceptibility to infection by other organisms or inflammatory bowel disease \[[@ppat.1006513.ref032], [@ppat.1006513.ref046]--[@ppat.1006513.ref048]\] by altering neutrophil recruitment or function, by suppressing CXCR2 expression \[[@ppat.1006513.ref049]\]. On the other hand, our results was contradict with the previous paper reported by Houpt et al. which demonstrated that C57BL/6 mice remained resistant to *E*. *histolytica* infection after depletion of neutrophils \[[@ppat.1006513.ref014]\]. Although this might be explained by the fact that Houpt et al. did not disrupt the microbiome with antibiotics prior to infection of C57BL/6 mice with antibiotics, further investigations for elucidating the impact of microbiota on neutrophil function, including not only recruitment of neutrophils but also amebicidal activity, will be needed in future study.

There are some limitations to be considered. First, our results in Bangladeshi children have not been generalized to children in other countries, although they do represent two different cohorts (PROVIDE study and NIH birth cohort) performed at the same district (Mirpur, Dhaka, Bangladesh). Second, we created dysbiosis in the murine model by administering a broad spectrum antibiotic cocktail. However, the composition of the gut microbiome is different between human and mice \[[@ppat.1006513.ref050]\]. The bacterial species which influence disease severity of amebiasis are therefore yet to be fully identified although one paper has shown the relationship between the presence of *Prevotella copri* and disease severity of amebic colitis \[[@ppat.1006513.ref007]\]. A third limitation is that we do not understand the mechanism of microbiota-mediated changes in CXCR2 expression on neutrophils upon *E*. *histolytica* infection. Fourth we have not assessed amebicidal activities of neutrophils although our results suggested that they are suppressed during antibiotic induced dysbiosis ([Fig 5](#ppat.1006513.g005){ref-type="fig"}). In the future the colonization of mice by specific bacteria \[[@ppat.1006513.ref008], [@ppat.1006513.ref051]\] and assessing amebicidal activity of their neutrophils \[[@ppat.1006513.ref017]\] may be used to identify the bacteria responsible for resistance and to elucidate mechanisms of protection. Finally, we could not assess neutrophil CXCR2 in the bloodstream of the children with *E*. *histolytica* infection to test the extent that it was downregulated as in the mouse model. Future work should assess dynamically the impact of antibiotic use on neutrophil function during amebic infection in a human cohort.

In conclusion, we demonstrated that antibiotic-induced dysbiosis mediated susceptibility to amebic colitis through decreased neutrophil recruitment to the gut, at least partially due to decreased surface expression of neutrophil CXCR2. Demonstration that antibiotics can impair neutrophil chemotaxis to a site of infection may be of broader importance than just amebiasis for the insight that it provides into gut microbiome regulation of the immune system.

Methods {#sec010}
=======

Ethics statements {#sec011}
-----------------

Stool samples and the clinical information from children who developed amebic colitis came from Performance of Rotavirus and Polio Vaccines in Developing Countries (PROVIDE) study, whereas those from children who showed *E*. *histolytica* colonization were collected in NIH birth cohort. Details of the PROVIDE study and NIH birth cohort were described previously \[[@ppat.1006513.ref019], [@ppat.1006513.ref020]\]. In brief, the PROVIDE study was performed at a peri-urban slum of Mirpur in Dhaka and included 700 infants enrolled at the first week of their age, and followed up at least until 53 weeks (2 year) of age. NIH birth cohort is also prospective cohort study of enteric infections in infants from the same study site as PROVIDE. In both studies, written informed consents were provided by parents or guardian on behalf of all infant participants at enrollment. Field workers visited the child's household twice weekly to capture any diarrhea event and collected stool samples from these as well as a monthly surveillance stool sample. The diagnosis of amebic colitis was confirmed by qPCR assay \[[@ppat.1006513.ref007]\]. The protocol and informed consent (English and Bangla) and all amendments were reviewed and approved by the Research Review Committee (RRC) and Ethics Review Committee at the International Centre for Diarrhoeal Disease Research, Bangladesh (icddr, b) and the Institutional Review Board of the University of Virginia prior to implementation. Trial registration: ClinicalTrials.gov NCT01375647 for PROVIDE study and NCT02764918 for NIH birth cohort.

All animal experiments conducted in this study were carried out in accordance with the Animal Welfare Act and the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Virginia (Protocol Number: \#4126).

Mice {#sec012}
----

Female 6-week-old C57BL/6 mice (Jackson Laboratories, Charles River) were housed in a specific-pathogen-free facility in micro-isolator cages and provided autoclaved food (Lab Diet 5010) and water.

Antibiotic pre-treatment for dysbiosis {#sec013}
--------------------------------------

Mice were treated with an antibiotic cocktail, consisting of 1.0 gram per liter of ampicillin (Sigma), neomycin (Sigma) and metronidazole (Sigma) and 0.5 gram per liter of vancomycin (Hopsra) in drinking water, as previously used to induce dysbiosis \[[@ppat.1006513.ref029], [@ppat.1006513.ref036]--[@ppat.1006513.ref040]\]. All antibiotics except metronidazole were continued until harvest, with metronidazole discontinued 72 hours prior to *E*. *histolytica* challenge due to potential amebicidal activity.

Blocking of CXCR2 by monoclonal antibody {#sec014}
----------------------------------------

Twenty microgram of rat monoclonal anti-mouse CXCR2 antibody (clone \# 242216, R&D) or 20 μg of rat IgG2A isotype (R&D) control was injected into the peritoneal cavity 2 h before infection \[[@ppat.1006513.ref032], [@ppat.1006513.ref052]\].

*E*. *histolytica* culture and intracecal injection {#sec015}
---------------------------------------------------

Trophozoites for intracecal injections were originally derived from laboratory strain HM1:IMSS (American Type Culture Collection) that have been sequentially passaged in vivo through mouse cecum. Cecal contents of infected mice were cultured in complete trypsin-yeast-iron (TYI-33) medium supplemented with Diamond vitamin mix (JRH Biosciences), 100 U/ml of penicillin and 100 μg/ml of streptomycin, and bovine serum (Sigma-Aldrich) \[[@ppat.1006513.ref041], [@ppat.1006513.ref053]\]. Prior to injection, trophozoites were grown to log phase, and 2 x 10^6^ parasites were suspended in 150 μl culture medium and injected intracecally \[[@ppat.1006513.ref041]\].

Assessment of clinical symptoms {#sec016}
-------------------------------

Body weight and clinical score were monitored weekly before *E*. *histolytica* challenge and every 24 hours after challenge. Clinical score was calculated as the total score of 6 different variables \[[@ppat.1006513.ref054]\] ([S1 Table](#ppat.1006513.s006){ref-type="supplementary-material"}). DNA was extracted from 50 mg of stool as described later. For ELISA, 50 mg of stool was reconstituted in 1 mL of PBS containing 0.1% Tween 20 (100 mg/ml) and vortexed for 20 min to get a homogenous fecal suspension. These samples were then centrifuged for 10 min at 12,000 rpm at 4°C. Clear supernatants were collected and stored at -20°C until analysis. Lipocalin-2 levels were estimated in the supernatants using Duoset murine Lcn-2 ELISA kit (R&D Systems) \[[@ppat.1006513.ref021], [@ppat.1006513.ref055]\]. Additionally, inflammation-associated rectal bleeding was assessed by examination of blood in the stool by Hemooccult II SENSA (Beckman Coulter) \[[@ppat.1006513.ref056]\].

*E*. *histolytica* infection rate at sacrifice {#sec017}
----------------------------------------------

Two hundred microliter of cecal contents were collected at sacrifice of the infected mice, and cultured in complete TYI-S-33 medium with supplemental antibiotics for 3 days at 37°C. *E*. *histolytica* infection was confirmed by the direct microscopic examination of cultured tube at 72 hours. Infection rate was presented by the ratio of infected mice among total number of mice challenged by *E*. *histolytica*.

Histopathology and scoring {#sec018}
--------------------------

After fixation for 24 hours in Bouin's solution, mouse cecal tissue was washed and stored in 70% ethanol. Paraffin embedding, H&E and PAS staining were processed by the University of Virginia Research Histology core. Immunochemistry (IHC) staining was performed by the University of Virginia Biorepository and Tissue Research Facility. IHC staining was performed using the Dako Autostainer Universal System with a primary antibody directed against *E*. *histolytica* macrophage migration inhibitory factor \[[@ppat.1006513.ref022]\], rabbit anti-MUC2 polyclonal antibody (Cat. No. PA5-21329) or rat anti-mouse Ly6G (clone No. 1A8, Biolegend). Scoring was based on intensity and abundance of EhMIF staining in mucosa by crypt invasion of *E*. *histolytica*, and based on abundance of mucin containing cells for goblet cell score (staining scale was between 0 and 5). Histopathological scoring was done by three independent blinded scorers.

Myeloperoxidase activity in cecum {#sec019}
---------------------------------

Myeloperoxidase (MPO) activity was determined as previously described \[[@ppat.1006513.ref023], [@ppat.1006513.ref057]\]. In brief, cecal tissues were homogenized in hexadecyltrimethylammonium bromide buffer. Samples were centrifuged at 10,000 g (10 minutes, 4 degree), and the supernatant was collected, and total protein concentration was assessed by a BCA assay according to the manufacturer's instructions (Pierce). Two hundred μl of 0.53 μmol/L o-dianisidine dihydrochloride with 1% hydrogen peroxide were added to 7 uL of supernatant and the absorbance was determined at 450 nm. Results were normalized to total protein concentration.

Quantification of tissue protein {#sec020}
--------------------------------

Resected cecal tissue was bead beaten for 1 min in 250 μl of lysis buffer I (1× HALT protease inhibitor (Pierce), 5 mM HEPES). Lysis buffer II (250 μl) was added (1× HALT protease inhibitor, 5 mM HEPES, 2% Triton X-100 (Sigma-Aldrich)) and the tubes were inverted gently. Tissue samples were incubated on ice for 30 min, followed by a 5 min spin at 13,000 x *g* at 4°C. The supernatant was removed to a fresh tube, and total protein concentration was assessed by a BCA assay according to the manufacturer's instructions (Pierce). IL-1β was measured using Ready-Set-Go! ELISA kit (eBioscience). CXCL1, CXCL2 and IL-25 were measured using R&D Systems Duoset ELISA kits. All procedures are performed according to the manufacturers' instructions. All data were expressed relative to total protein concentration.

Quantitative real-time PCR {#sec021}
--------------------------

For DNA extraction from stool (50 mg) or cecal contents (200 μL), QIAamp Fast DNA Stool Mini Kit (Qiagen) was used. All samples were bead beaten for 2 min prior to DNA extraction. All other procedures were performed according to the manufacturer's instruction. For RNA purification, RNeasy isolation kit (Qiagen) was applied for 50 mg of cecal tissue sample. RNA was reverse transcribed with the Tetro cDNA synthesis kit (Bioline). All procedures were performed according to the manufacturer's instructions. For the quantification of *E*. *histolytica*, a standard curve was prepared from trophozoites, and quantitative PCR (qPCR) targeting small subunit ribosomal RNA gene \[[@ppat.1006513.ref058]\] was utilized. Probe, primers and annealing temperature (AT) were as follows: Eh-probe: Fam/TCATTGAATGAATTGGCCATTT/BHQ; Eh-forward: ATTGTCGTGGCATCCTAACTCA; Eh-reverse: GCGGACGGCTCATTATAACA, AT: 62.4°C. MUC2 gene expression was quantified by qPCR using Sensifast SYBR & Fluorescein Mix (Bioline). Gene expression was normalized to the GAPDH gene expression. Primer sequences and annealing temperature (AT) used in this study were as follows; MUC2 gene (forward: 5'- GCTGACGAGTGGTTGGTGAATG - 3'; reverse: 5' - GATGAGGTGGCAGACAGGAGAC - 3'; AT: 60.0°C) and GAPDH (forward: 5' -AAC TTT GGC ATT GTG GAA GG - 3'; reverse: 5' -ACA CAT TGG GGG TAG GAA CA -- 3'; AT: 62.4°C).

Microbiome diversity analysis from human stool samples {#sec022}
------------------------------------------------------

DNA was extracted from fecal material using a modified QiaAmp stool DNA extraction protocol which incorporates a 3 min "bead-beating" step as per standard study protocols \[[@ppat.1006513.ref059]\]. Human DNA was removed from *E*. *histolytica* positive samples using a Microbiome DNA Enrichment Kit used by the manufacturer's direction (NEB). The 255bp V4 region was completely sequenced in both forward and reverse orientation using the Miseq V3 kit (also used by the manufacturer's direction). The sequencing library was prepared using phased Illumina-eubacteria primers to both amplify the V4 16S region rDNA (515--806), add the adaptors necessary for illumina sequencing and the GOLAY index necessary for de-multiplexing after parallel sequencing \[[@ppat.1006513.ref060], [@ppat.1006513.ref061]\]. As a positive control, DNA extracted from the HM-782D Mock Bacteria Community (ATCC through BEI Resources) was added, and as a control for reagent and laboratory contamination a no-template control reaction was added. Sequencing, quality control and OTU assignation using the QIIME pipeline was performed by the Institute for Genome Sciences Core facility (Baltimore). The data was then visualized and Shannon Diversity Scores determined using the Seed Program \[[@ppat.1006513.ref062]\]. Stool samples were collected from PROVIDE study children.

Flow cytometry analyses {#sec023}
-----------------------

Single cell suspensions from cecal lamina propria were prepared as previously described \[[@ppat.1006513.ref054], [@ppat.1006513.ref063]\]. Briefly the tissue was thoroughly rinsed in Hank's balanced salt solution (HBSS) supplemented with 5% FBS. Epithelial cells were removed by gentle shaking for 40 min at 37°C in HBSS with 15 mM HEPES, 5 mM EDTA, 10% FBS and 1 mM dithiothreitol. Halfway through the incubation, cecal tissue samples were transferred to fresh buffer. Next, cecal tissue samples were thoroughly chopped using scissors and digested in RPMI 1640 containing 0.17 mg ml^--1^ Liberase TL (Roche) and 30 μg ml^--1^ DNase (Sigma). Samples were digested for 30 min at 37°C with shaking. Samples were then spun down at 300 x *g* and resuspended in HBSS with 5% FBS and 25 mM HEPES before passage through a 100 μm cell strainer followed by a 40 μm cell strainer (both Fisher Scientific). Cells were counted and the density adjusted to 5 × 10^6^ cells per ml. Cell suspensions (200 μl) were aliquoted into each well of a 96-well plate for antibody staining. For staining, cells were initially blocked with TruStain fcX (anti-mouse CD16/32 antibody, BioLegend) for 15 min at room temperature. Cells were spun down and resuspended in LIVE/DEAD Fixable Aqua (Life Technologies) for 30 min in the dark place at room temperature. Cells were washed twice and stained with fluorochrome conjugated antibodies. Flow cytometry was performed on an LSR Fortessa cytometer (BD Biosciences) and all data analysis was performed via FlowJo (Tree Star). Data was analyzed as the ratio to CD45 positive cells or cell counts calculated by counting beads (Molecular Probes). Fluorescent conjugated antibodies used for flow cytometry are shown in [S2 Table](#ppat.1006513.s007){ref-type="supplementary-material"}.

Statistical analysis {#sec024}
--------------------

ANOVA was used for differences among multiple groups. Welch's unequal variance t-test, Mann-Whitney U-test or chi-squared test were used as appropriate for comparing valuables in 2 groups. A p value below 0.05 was considered significant. All statistical tests were done using GraphPad Prism software.

Supporting information {#sec025}
======================

###### Diversity of microbiome was decreased prior to amebic colitis.

The Shannon diversity index was examined using stool samples collected from children followed longitudinally in an urban slum in Dhaka, Bangladesh who developed amebic colitis within the first 2 years of life (n = 18). The Shannon diversity index was measured one month prior to amebic colitis, and compared to that from children who did not develop *E*. *histolytica* infection (n = 72). \**P\<0*.*05*, by Welch's unequal variance t-test. Error bars represent standard error of the mean (s.e.m).

(PDF)

###### 

Click here for additional data file.

###### Tissue invasion into intestinal epithelial cells by *E*. *histolytica* in antibiotic pre-treated mice but not in untreated control mice.

Histopathological examinations by hematoxilin and eosin stain were performed using cecal tissue collected from mice sacrificed at 24 hours after *E*. *histolytica* challenge. Yellow arrows represent *E*. *histolytica*. **(a, b)** Representative pictures of tissue invasion by *E*. *histolytica* in antibiotic pretreated mice. **(c, d)** Representative pictures of ulcerative lesions in untreated control mice. **(a, c)** x200 represents yellow boxes in a and d, **(b, d)** x400 represents yellow boxes in a and c.

(PDF)

###### 

Click here for additional data file.

###### Immune responses at day 9 are correlated with infection outcome of *E*. *histolytica*.

Antibiotic pre-treated or untreated control wild type C57BL/6 mice were infected with 2 x 10^6^ *E*. *histolytica* trophozoites intracecally, and were sacrificed at day 9. **(a)** *E*. *histoltyica* burden was measured by qPCR. **(b, c)** lipocalin-2 and anti-lectin IgA were assessed by ELISA using 200 μL of cecal contents. Data are representative from similarly conducted two independent experiments. \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance. NS, not significant. Error bars represent s.e.m.

(PDF)

###### 

Click here for additional data file.

###### IL-1β and neutrophil attractant chemokines at baseline.

Antibiotic pre-treated or untreated control wild type C57BL/6 mice were sacrificed at 2 weeks of antibiotics in order to see the baseline data of IL-1β, CXCL1 and CXCL2 in cecal tissue before *E*. *histolytica* challenge. Cecal cytokines were assessed by lysing 50mg of cecal sections and quantifying protein via ELISA, and shown normalized to total protein concentration (data from single experiment, n = 5 per group). \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance. NS, not significant. Error bars represent s.e.m.

(PDF)

###### 

Click here for additional data file.

###### Surface expression of molecules on neutrophils.

Antibiotic pre-treated or untreated control wild type C57BL/6 mice were infected with 2 x 10^6^ *E*. *histolytica* trophozoites intracecally. Surface protein expression levels were assessed as mean fluorescence intensity (MFI) by flow cytometry using single cell suspension from blood and lamina propria. **(a, b)** Surface protein expression levels before *E*. *histolytica* challenge. **(c, d)** Surface protein expression levels at 24 hours after *E*. *histolytica challenge*. Data are from a single experiment, n = 8 per group. \**P\<0*.*05*, \*\**P\<0*.*01*, \*\*\**P\<0*.*001* by Welch's unequal variance t-test NS, not significant. Error bars represent s.e.m.

(PDF)

###### 

Click here for additional data file.

###### Clinical scoring.

(PDF)

###### 

Click here for additional data file.

###### Conjugated antibodies used flowcytometry.

(PDF)

###### 

Click here for additional data file.
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